Reference/Exhibit 18 to Rule 132 Declaration of Jean Bousquet 



Int J Biometeorol (2007) 51:181 
DOI 10.i007/s00484-006-0059- 



ORKHW! ARIR i> 



Changes in the pollen seasons of the early flowering trees 
Alnus spp. and Coryim spp. in Worcester, United 
Kingdom, 1996-2005 



Jean Emberiin • Matt Smith • Rebecca Close • 
Beverley Adams-Groom 



Abstract Previous work on Betula spp. (bircW in the UK 
and at five sites m Europe has shown that pollen seasons 
for this taxon have tended to become earlier bv about 5- 
10 da> per dec sdc \n t ic i r j ions i)ivi.«,t)j it d o sr She 
la.">t 0 yea This p item his been linkul tc t\i<^ trend ro 
\v in iL,r witJ^c s f j sf i! J !i i,cc u V is H i f i ti 
woik has been dn ^ r iint n M t i s nth «. i! u 
si_ sons fo! th U \ ti i I 1 i(.h 

as AJnus sp[ ( ii I i i i I 

cf tc i I 1 i T i p p imt tigitc \ ji i 



V ii ii It )i d I !v c in c w ft j li 

U!M u \( hi ) I V ti i[ !t d n 1 1 c\( o lJ ■> t ( 
three-storey building. Ibe climate is western maritime. 
VU^ckEo^v Jactcrd i lunp i t i s ^l i xin i rd 
minimum) and rainfall were obtained from the local 
monitoring sites. The local area up to approximately 
10 km surrounding the site is mostly level terrain with 
some undulating hills and valleys. The local vegetation is 
mixed farmland and deciduous woodland. The pollen 
seasons for the two taxa investigated are typically late 
December or early January to late March. Various ways of 
defining the start and end of the pollen seasons were 
considered for these taxa, but the most useful was the 1% 
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method wherebv the season is deemed to have started when 
l7o of the total catch is achieved and to have ended when 
99% IS reached. The cumulative catches (m giains/m ) for 
Alnus spp. varied tiom 698 (2001) to 3.467 (2004). For 
Corylus spp.. thev varied from 65 (2001) to 4.933 (2004). 
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% U ill j edtt d V ^ t INS id i i ,n su 
1 z 5 d vs C I miii li t e jiin s iid leiu h » s ii 

h(. ^ d d s uiv ^ tfui 1 of a t>. nan e i ^h ii i ) md k w 
(shoit) yeare. Ihere is some evidence of a synchronous 
1 ii era tor 4 nts spp ihe e patti.,1 is suv s s L,iiri 
cant correlations with temperature and rainfall through the 
autumn, winter and early spiing, and some relationships 
with growth degree 4s and chill units, but the series is too 
short to discern trends. The analysis has provided insight to 
the variation in the seasons for these early flowering trees 
and will fonn a basis for future work on building predictive 
models for these taxa. 

Keywords Pollen seasons • Temperature ■ Chill hours • 
Growth degree days • Chmate change 



Introduction 

In northern and centra! Europe and northern America, 
poller! fivHT! irccs in tlie order Fagales, which includes the 
gener.g Alnus spp. and Corylus spp., represent important 
allergen sources both in theii- own right and due to cross- 
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reactivity with Betula spp., another member of the order 
(Matthiesen et al. 1991: D'Amato and Spieksma 1992). 
Alnus spp. and Corylus spp. pollen acts as a primer making 
allergic people more sensitive to other pollens later in the 
scasoji. i^jirlici- .■M:aso«is Kii- cririy spring spccifs \\Y,\y 
c\m-c sf!\>!!ycr Evactioii.s Jiiris!;; tin.- biicli pollen r-cason by 
;.;iviiij; ;> i-isiyo" pcrii.",! -if priiiiiiig iii sDsfopiiblc- iiiJiviciiial.-i 
so thar tlieir allergic reactions occur at a lower birch 
tbreshold concentration (Emberlin et al, 1^)91). 

in tiie British Isies. tiu- gentis CoiyliL-. sp.j). Is rcpicsciitc-J 
bv C<,r\Uis a\<^iiu>ui. Alans {>!u!iri<>.-ri is tiic native rqiiv- 
sentative of the genus Alnus. and is often found alongside 
nvcrbc(is. aitiioiigh 4. i^jnluia aiui A. iih-ann :iro popiihir 
oiTiasncntai species (Pi^stor, er al. ^^)^^J). In Biit;;i!i. the 
pollen seasons of Ahms spp. and Corylus spp. typically last 
th>in enr!y .ianiuiry to Lite Vinrch ■•^i early April. altlKsngh 
there is annual 'vaHarion between stuiit ckites. dination and 
severity'. Previous woik ■ r-ieiiyiieili et al. Iv'^>?.s lias dem- 
onstrated that a significant correlation exists bcn^■'ccn the 
beginning of pollination and the tempenitiire during tlse 
period preceding the pollen season. For Corylus spp.. 
strong correlations have been found between the mean 
temperature for the last lO days m December and the start 
ot the pollen season, largciv Dccause Con.'lus spp. requires 
only a very short period ot heat accumulation after 
vernalisation. 

Global d\erage suitace teirpeiatuies invrccb..d b> 0 6- 
0.2^C over the twentietti century, and a further increase of 
1 4 to J) 6 C IS projected by 2100 in ti t x icr 
tv- ^'"^1 a u cs produced the warn ■'stdcL-^d 19'' > 19''/ ion 
nsi ) i.n^il 1 coi^ Mi\ 1 I nJ hi ^ iii. il'' . ') 

\U!S J I i')"'l Sith !i!i! SLS 1 iLinpu t !1 hi\ 



ed die 



b\ ibou! n d V sine, the c uh 960^ (\lc 
■nm 1^ >^ IVC^ -.(itl) it his been siiov^u 



Fnibcil 



nd 1 



tl 



I! !1 !h . 1 ( \ll ^ 

h u I uioiiship I iK r 



fills -IWi Ill's \ I V^.sfj. f h llg^s .id \ tllKs II 

the polLti -i^usoiis ot the uii]> Jiovcriug spring sp^cit-s ol 
trees. Alnus spp. (alder) and Corylus spp. (hazel) in 
Worcester irom 1996-2005, in this context. 



Materials and methods 
Pollen monitoring 

Daily average concentrations of Ahius spp. and Corylus 
spp. pollen wei'e monitored at the National Pollen Network 
site at Worcester, for the years 1996-2005. Worcester is 



situated in the West Midlands, UK; 184 km norttiwest of 
London and 52 km south of Birmingham. 

Airborne pollen was collected using a Burkard 
volumetric trap (Hirst i^S2) situated on the exposed 
roof of a ilirec-st<ircy building as the Lhiivcisity of 
Worcester (52" Ij'K, 2"i4'W^ at a height of 10 m above 
giXiUiul I lie [)C'llei! liionitoi iiig siie ir- approxin-iaicly 
1,4 km from the city centre of Worcester The pollen was 
collected by standard British Aerobiology Federation 
iiuiiiods ;iii..i liie polleti conccntral ioi) wu: expresi^cd in 
teiiiis .>t the niiii.i-iei- of pollen giains per unit Noliinie of air 
fBriii-l: \eK.iii,,l<,gy Federation ]995}. '1 he local vegeta- 
tion is ini.xed farmland and deciduous woodland and tlic 
local area up to approximately 10 km surrounding the site 
is mostly level terrain with some undulating hills and 
valleys. 

C'limate and meteorological data 

i he climate in Worcester is v/estcm margin maritime 
temperate and is chai-acterised by an annual mean temper- 
ature of (1961-1990 average) 3"C in January and 16'^C in 
July (Meteorological Office 2004 ). The mean annual total 
rainfall in the West Midlands is approximately 600 mm 
(1971-2000 average) (Meteorological Office 2004). The 
weather is influenced by the passage ot anticyclones and 
tronts moving m trom the Atlantic, and as a result has a 
tendency to fluctuate rapidly (Goisdie ■ 9v(>). 

Ihe Meteorological Office vsa tiic Hsitisn Aimosphenc 
IX ta Centre supplied the rre i.ou k nt^ I n^erature and 
i II ^ it lis. 1 i^ ,iis ssid Ik.) !ik n oir 

t! >. tvo \1 >idi i I )! .e li r .1, * 10 I- tl I t 
J< I 1 ^o ^'CK i n > kii < tK stui ,i 

O !ht ,;OlLniT 11 tlMlg sit„ ] siv.!., C lik L ! Hoitl 
. fl i . > \ '\\)U(1 t 1 '1 ^ 1 K \ s on 

(j2 is \ 1 LA) iiom 2002 to 2005 Ihe two stations are 
aixsiu 4.9 km apart. These Meteorological Office stations 
hold the lEiosj complete and accessible datasets for the 

period studied. 

Mean monthi-v temptntuit, ind mi. in n wthW curauh 

tlV ill 11 d n ll >l i\S»K, |y '^ t \p!l "'0 t- v'CK 

used as d bise to whidi o ^ath^r i^oaciitions during and in 
the months preceding, the Alnus spp. and Corylus spp. 
pollen seiisons examined m tins study could be compared. 
Tliirty years were used because it is a period defined by tlie 
World Meteorological Organization as long enough to 
eliminate year-to-year variations (Meteorological Office 
2004; Mufioz-Diaz and Rodiigo 2004). Temperatures 
during tlie study period v/eie also compared to mean 
monthly Central England Temperatures (CET). The CET 
began in 1659 and is the longest available instrumental 
record of temperature in the world (Meteorological Office 
2005). 
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Analysis of pollen seasons 

A number of methods were considered for defining the start 
and end dates of the Alnus spp. and Corylus spp. pollen 
seasons. A threshold method, such as defining the start of 
the pollen season as the dav when the cumulative daily 
touiit E h d u t 1 1 i,Mio(') 
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1 i -> -i t K! i t i J li i v-t ist! 
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mvcsngatca using correlation and regression analysis. 
Start dates were entered into the analyses with mean 
monthly and 10-day mean temperature and rainfall data 
from October (the previous year) to February (in the year 
of pollination). 



reached the minimum values and steirted to follow a 
positive trend (Rodriguez-Rajo et al. 2003) or by taking 
the end of chilling to be when tlie mean daily temperatures 
were >7.2°C (Galan et al. 2005), which are methods used 
successfully by other authors, because on average (October 
1975 to Apnl 2005 mean) these tliicslKylds were tjassed 
n ! th C / / s spp fij 1 ? ) I 1 St iso'is h d 
i sti-^ 1 1 ni ( f t) V !l I ! 1 J ti !-.!(. 
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!! i !,i J 1 ^ d yS 

((.< )D ( f ! ! ^ i K hii (.il t) t ii tiO' ) 

( t V (d t i L I li U r ic ] i! I ! t cri, 

coi 'd I d lit iLcn o til iiL ' t>i (L r\ it \as 
iK 1SS b tv iLii c 1 ^ c y il v,t d 1 i > ! tiic 
study. GDD"C were calculated trom the dav atter the 
chiihng period each year to ttic siait ot the pollen season. 
Only temperatures above or equal to 0°C were used to 
calculate cumulative sums; negative temperatures were 
considered as 0°C (Galan et al. 2001; Jato et al. 2002; 
Rodriguez-Rajo et al. 2003). 



Chilling and heat requirement 

Chilling hours were calculated following the method of 

Aron (1983), which is based on the accumulation of 
chilling hours between 0 and 7.2°C (yVron 1983; Frenguelli 
and Bricchi 1998; Jato et al. 2000; Rodriguez-Rajo et al. 
2004): 

CH = 801 -f 0.2523 B + 7.57 x lO'^ - 6.51 B^ x 10"'° 
-11.44 r™„ - 3.32 rB,ax 



CH ------ number of Chilling Hours during period 

B = 24D {Threshold - T,„i„) / (T„,a^ - 

where T^mm and T^ax are the average minimum and 
maximum temperatures recording during the period respec- 
tively, and D is the length of the study period in days. 

Chdiiiig was deemed to have coniracnwcd when iri^an 
daily temperatures were <12.5°C for two or more consec- 
utTvc days The threshold ot 2 '^''C was cho'ci ^cc ui^.. 
this is the temperature below which winter tloweiitm 
woody plants are coiisidc!"ed to begi!i ro sntisty riicii- 
chiihng requiiemcjits (Ric!)>rdson i,t ai haUstl^.^) 
i to t' '] ^0! J, t ^ iiot p )Nsi iL d-ti'ic tl c c id 
ciidling as the first day 'Mien the mean dd!i> tcmpciatui^ 



Results 

Defining the start of the pollen season 

Start dates of the Alnus spp. and Coiylus spp. pollen 
seasons from 1996 to 2005 defined usmg the 90%, 95% 
and 98% methods were entered into correlation analysis 
with monthly and i 0-day mean temperature and rainfall 
data from October (the previous year) to Febsuar}' (in the 
year of pollination) (Tables ], and 2). Start dates of the 
Alnus spp. and Corylus spp. pollen seasons calculated using 
the 98% method, whereby the season starts wliesi 1% of the 
total catch is achieved and ends when 99% is reached, 
generally showed the strongest relationsiiip with meteoro- 
logical variables and, as a result, it was decided to use this 
method when describing characteristics of the Alnus spp. 
and Corylus spp, pollen seasons. It should, however, be 
noted that start dati^s defined using tiic 90% method iiad die 
lowest siandaixl deviation, which is the technique often 
li ^ J 'o' s,, ^(.n u tl ^ TiLtl od foi calcuiatiPg the start of the 
po.i.i ■•Dsi.p ,\,\ a I :UC0, Laaidi 2X?[, Rodiiguez- 
l.n ^t I ^Mi ^ h 1 1 ^ list, of the 9?*> method 1 ad r^c 
c ^ 1 (t iKi t 'iig tne maximun n is ^'lu ot iiui 
It i 'K 11 _vs'- import mr ft. ! tj^^ - c i ^ > -J/'-i'^ pp 
L K V ^" u"s "-pp tiiat can have seasons wiiu t^v' ptiiti 
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Table 1 The significant correlations between start dates of Coiylus 
spp. pollen seasons (1996 to 2005) atid temperature and lainial! data 
recorded at Pershore from October (the previous year) to January (in 
the year of pollination) 

Independent variable Coiyius spp. start 



90% 95% 98% 
method method method 



! 0-day mean temperature days 276 

to 285 fiom 1 Jan 
October mean monthly 

Icmpcialurc 

10-day mean temperature days 336 - 



0.723* 0.818** 

0.668* 
-0.637* - 

-0.738* -0.744* 
-0.642* - 



" Correiation is significant at the 0.05 level (2-tailed). 
** Congelation is significant at the 0.01 level (2-tailed). 



grams are recorded at the trap, whilst still excluding low 
concciitrat!Oiis oi policn at the beginning and end of the 
season that may distort analysis (Eniberlin et al. 1993; 
Kasprzyk et al. 2004). 

Start of the pollen season 

For both taxa, there is a range of 39 days in the start dates. 
For Corylus spp. pollen, the starts varied from 5 January in 
1999 to 13 February in 1996. The start of the Alnus spp. 
pollen season varied from 21 Jamiarj' in 2000 to 29 
February in 1996 (Fig. 1). The later starts dates that 
occurred in 1996 could be due to a cold December in 
1995, a cold January and February in 1996 and a wetter 



Table 2 The significant correlations between stall dates of Alnus spp. 
pollen seasons (1996 to 2005) and temperature and rainfali data 
recorded at Pershore from October (the previous year) to February (in 
tlie year of pollination) 

Independent variable Abms start 



10 -day mean temperature days 
276 to 285 fl-om 1 Jan 

10-day mean temperature days -0.683* -0.770*' 
21 to 30 from 1 Jan 

10-day mean temperature days -0.845** -0.788*' 
31 to 40 fi-om 1 Jan 

10-day mean rain days 306 to 0.644* 
315 from 1 Jan 

* Coneiation is significant at tlie 0.05 level (2-taiIed). 
** Correlation is significant at the 0.01 level (2-tailed). 



than average December. There is a slight trend toward 
earlier Corylus spp. and Alnus spp. pollen seasons at 
Worcester, although this trend is removed when data from 
1996 are omitted from the analysis. 

Annual totals and length of season 

The pollen seasons of Corylus spp. and Alnus spp. at 
Worcester have got iotigcr in ih^ ia.-t fev/ years (Fig. 2 !. bur 
there is not -a iio;;-.i o-wi eIic v,ii.,)L- sol i iMimsiiaiive 
catches of Con I us spj-). and W/.'/i;^ spp. during rhc pollen 
seasons also clianyoJ duriiig tlie study period, with seasons 
hecoiiiing nn.)ic sc\eiv i'rigs. }, and 1). i hc hiphost annnul 
total ofCoryim spp. poller, yvas 490 grair,s,m' in 2004 and 
the lowest was 65 grains/m- in 2001. Corylus spp. pollen 
scas(.)iis foMow a disrinvt hienniai pattern of altcriiatinu 
hiyh. tLliowed by lowci- connt years. Siinilarix. the hiyhest 
annual sum .-.f ihius spp, noiL-n v,as aiso recorded in 20ii4 
(3,467 grains/m') and the lowest was also recorded in 2001 
(698 grains/m 'i. i here is a shght ind!cari<iri of a similar 
biennial pattern occunmg for Alnus spp. althoiigh it is not 
so apparent and disuinctive as in Coryius spp.; the rea.sons 
for this are not obvious in the data. 

Correlation analysis 

All results of correlation analysis are between start dates of 
Corylus spp. and Alnus spp. pollen seasons at Worcester 
and meteorological data recorded at Pershore unless 
otherwise stated. A significant positive relationship exists 
between start dates of the Corylus spp, pollen season and 
temperatures in October (Table 1), suggesting that lower 
temperatiires at this time will result in earlier Coiylus spp. 
pollen seasons and vice versa, SigniiicanE negative corre- 
lations feature between start dates of the Corims spp. 
pollen season and Decetriber temperatiires, which indicate 
that higher temperatures at this time will produce earlier 
statts and, conversely, low temperatures in December will 
cause the season to cosnsnence later. However, this depends 
ot) adequate vemalisaciori. This relationship is also present 
between Corylus spp. start dates (defined using the 98% 
method) and mean-monthly December temperatures from 
the CET montiily series [if=-0.804, significant at the 0.01 
level (2-tailed)]. A significant negative correlation also 
occurs between Corylus spp. start dates and rainfall in 
October. 

A significant positive relationship exists between the 
start of the Alnus spp. poUeji season aiid temperatures in 
October (Table 2), tliese findings are cosnparabie to the 
results of con-elation analysis between Corylus spp. start 
dates and temperatures at this time of the year. There is also 
a negative relationship between start dates of Alnus spp. 
pollen seasons and temperatures during the last iO-days in 
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Kg. 1 Start dates of the Alnus 
spp. aiid Corylus spp. pollen 
seasons at Worcester 
(1996-2005). Pollen season 
start defined using the 98% 
method 




2000 2001 2002 2003 2004 2005 

Year 

Corylus start date x Alnus start date 



D^wCiiic^i i/i'- :>'nii i iw mean monthly December 
V 1 1! ( '\—() -if ~) '"It correlations were not signif- 
icant ltvj{.c.ati(\i cui i n s shown between December 
tK-'^i^ lULStiid / >.|ip \ dates calculated using the 
9u" 1 ii.thfv) 1 i-ii^i J l^n pi ictires in Januasy seem to be 
moic !'i"vjttn* \Mtl -i.i! iticant negative correlations 
i-,i.tvL I! U'/ ',- spp •>( li oat ^ and temperatures from day 
21 to day 40 from 1 ianuarv. A significant positive 
correlation also features between Alnus spp. start dates 
and rainfall at the beginning of November. 



Chilling hours and growth degree days 

The chilling requiivments of Cojylus spp. and Alnus spp. 
were calculated following the method of Aron (1983). 
Chilling hours commenced when temperatures were below 
the threshold of 12.5°C for two or more consecutive days 
and ended on 30 November each year. 30 November was 
chosen for the end of chilling because the results of 
correlation analysis showed that there is a negative 
relationship between temperatures in December and 
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1997 1998 1999 2000 2001 2002 2003 2004 2005 

Year 



Corylus spp. and Alnus spp. start dates, which suggests that 
warm temperatures at this time are necessary for earlier 
floweiing. 

GDD'^C were tlieretbre calculated for both Corylus spp. 
and Alnus spp. from 1 December each year (lables 3 
Md 4) CiDD'f c^ciiht J l;> t' i tiii^' h^. bis 
teini^eutme nt fi'^C jf^sti'ted i the i(ii\i,st stmd 'j 



(i?=-0.743), the strongest relationships being with GDD°C 
calculated using the threshold of 4°C (Figs. 5 and 6). 



Regression analysis 
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Fig. 4 Total season coujits of 
Alnus spp. pollen in Worcester 
from 1996 to 200.5. Season 
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Table i Heat reqiurenienis for the start of the Corylus spp. pollen 
season caiciilated nam December using different threshold temper- 
iiturcs (4 6=C;) 



Threshold temperature PC) 



Secison 


4 


4. .5 




5.5 


(. 


1995-1996 


99.2 


84.3 


70.0 


56.7 


45.5 


1996-1997 


37.5 


30.6 


24.8 


19.8 


14.8 


1997 1998 


146.5 


126.0 


106.5 


88.7 


72.9 


1998-1999 












1999-2000 


70.4 


57.4 


45.5 


34.9 


25.2 


2000-2001 


113.7 


101.2 


89.0 


78.0 


68.0 


2001-2002 


71.3 


59.8 


49.4 


39.8 


31.2 


2002 2003 


112,4 








62.1 


2003-2004 












2004-200,') 




115.7 






74,0 


SD 


31.9 


28.7 


25.6 


22.9 


20.0 




97.6 


83.7 


70.5 


59.4 


48.9 


CV (%) 




34.3 


36.4 


38.5 


42.1 


Season start defined using 98% method; SD standard deviation, CV 
coelEcient of variation 



a unique contribution to the models (P>0.05), which 
suggests that rainfall does not significantly affect the start 
of the hazel or alder pollen seasons. 

Following the work of Galan et al. (200,5), the effects of 
climate change on the phenology of early flowering trees 
were investigated using regression analysis. Start dates of 
Corylus spp. pollen seasons had tlie strongest relationship 
with temperature data from the proceeding months (Tables i 
and 2) and, as a result, were used to construct two simple 
linear regression models and a standard multiple regression 



Table 4 Heat 


requiremcj 




start of tlie 


Alnus spp. 


pollen 


season using different th..i^shold temp 


erahires (4-6°C) 






Threshold temperature (°C) 






Season 


4 


4.5 


5 


5.5 


6 


1995-1996 


111,8 


93,8 




62,3 




1996-1997 


41.0 


32,6 


25,3 




14,8 


1997-1998 


151.3 


129.3 


108,6 


89,8 


73,3 


1998-1999 


139.4 


120.4 


101.6 


85.0 


69.4 


1999-2000 


78.0 


62.5 


49.2 


37.8 


27.6 


2000-2001 


128.5 


112.1 


97.0 


83.5 


71.8 


2001-2002 


94.5 


80.5 


67.6 


.55.5 


44.4 


2002-2003 


136.6 


118.5 


101.3 


86.1 


71.7 


2003-2004 


156.2 


134.8 


116.4 


99.4 


83.4 


2004-2005 




138.0 


119-2 


103.0 


87.5 


SD 


38,4 


34,5 






24.2 




119,6 


102,2 


86,3 


72,2 


59,4 


cy (%) 


32.1 


.33.8 


35.8 


38.0 


40.8 



Season start defined using 98% method; SD standard deviation, CV 
coefficient of variation 



model with mean monthly temperatures from October and 
December (Table 5). Climate Change Scenario data from 
the United Kingdom Climate Impacts Programme (UK 
CTP02) are presented with a resolution of .50 km and were 
vised to c!<;)i!iifK- t\K- nftbct thsiS increases in winter temper- 
tiUiiX':- would iinvo ov, hnze] pollen seasons. The results of 
ihis Miinixsi:, ( bible b) :,ho\v proJictod chaiigcs to the Stan 
of the (.on !'.)'■ sj)!'. polioi! sc:is(.>n iii thrco periods, the 
2020s, 2050t, and 2080s, after daiiy tncan temperature data 
produced by the liK(,"il'02 liiediitiii-liigh eiiiissions scen.gr- 
io were entered \(\'a- the ivgression riHiciels (Huitrtc ei ai. 
2002). Increases it) Qctobcj- tcniperatures caused the 
a.';-)/ws spp. polleii season to stait iater, whilst iiiereases 
ir: i'Jeceriiher rePipe:atiiies eaiised the Corvlu^ spp pollen 
season to eviinmenee earlier. A .siarid;ird iiviiliiple regie.ssioii 
model eontainifsg both October and Dccciribcr mean 
monthly tempei-atui es resulted in little change to the stait 
of the Corylus spp. pollen season. 

Discussion 

Corylus spp. pollen seasons at Worcester show distinct 
biennial pattems in pollen production (Fig. 3). Such cyclic 
patterns of alternating high followed by low pollen 
production years have been seen in a number of tree 
species including Betula spp. (Emberlin et al. 199.3; 
Einberlin 1997, 2000; Latalowa et al. 2002). These rhyth- 
ntic patrems are sometimes interrupted by asjrachronous 
years (Spteksina et al. 199.5; Emberhn et al. 1997), wliich 
may explain why there was not such a distinctive pattern 
for Alnus spp. (Fig, 5). 

The 2000-2001 season had the lowest annual sums for 
both hazel and aider pollen. There are a number of factore 
that may account for variations m the severity in the pollen 
seasons of early f]ov,/ering trees, inchiding rainfall and 
temperatures in the previous year and the presence of 
natural rhythms in pollen production. It should also be 
retr.erabered that conditions at tiie time of the release and 
dispersal of pollen from the plant are also important; 
January 2001 had below average temperatures and above 
average rainfall (1975-2005 mean) and, furthermore, 2001 
had the fourth wettest Febniar>' and fifth wettest March in 
the 1975-2005 dataset. 

Tliere are a number of similarities in the temporal 
variations of Corylus spp. and Alnus spp. pollen se^ons, 
which suggests that many of the environmental factors 
affecting one genus also affect the other. The results 
presented in this paper concur with other studies that have 
shown that the phenology of early flowering trees such as 
hazel and alder are greatly dependent on temperature 
(Frenguelli et a!. 1991-1993; Frei 1998; Jato et al. 2000). 
For example, both Corylus spp. and Alnus spp. show a 
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Fig. 5 The relationship beUveen 
the heat requirements (GDD°C) 
for the start of Coryius spp. 
pollen seasons and chilhng 
hovirs. GDD°C calculated using 
the threshold of 4°C 




800.0 1000.0 

Chill hours 



negative reiationship with temperatures in Decerrtber. These 
results are similar to those presented by FrengiieUi et al. 
(1992, 1993) who demonstrated that in Corylus spp. there is 
a strong coixelation between tlie mean temperature during 
the last 10 days in December and the start of the poUea 



This relationsliip is illustrated by the late start dates of the 
hazel and alder pollen seasons in 1996 that followed a 
particularly cold December in 1995; December 1995 was the 
coldest December in the 1995-2004 dataset and the fourth 
coldest December since 1975. Furftiermore, tempemtures in 
January and February 1996 were also below the 1975-2005 
mean, which would have coinpounded the atYect that low 
temperatures during December 1 995 had on the 1 996 Corylus 



Fig. 6 The relationship between 
the heat requirements (GDD°C) 
for tlie start of Alnus spp. pollen 
seasons and chilling hours. 
GDD°C calculated using the 
threshold of 4'"C 



spp. and Alnus spp. pollen seasons. Start dates o£Almis spp. 
pollen seasons seem to be related to December temperatures, 
but the results of correlation analysis were not significant 
(P<0.10, >0.05). Instead, temperatures at the end of January 
and beginning of February appear to be more important. It 
should, however, be noted that tliis may have as much to do 
with the weather conditions during pollen release as with 
heat accumulation prior to flowering. 

Chilling hours were calculated from the day when mean 
daily temperatures were <12.5°C for two or more consec- 
utive days. Mean daily temperatiires recorded at Pershore 
usualty went below 12.5°C on day 275 from I January 
(1975-2005 mean). Coincidenfaily, this is the same time 
when significant positive coneiations were found between 




400.0 



800,0 1000.0 

CtiiH Hours 



^ springer 



Int J Biometeorol i2007) 51:181-19 



189 



Table 5 Results of standard multiple regression analysis between start 
dates of the CorAus spp. pollen season and October and December 
mean raotithly temperatures Irora the previous year 

Regression Regression equation Adjusted 
model Ft^ 

1 (5.372 X mean October temperatm-es*) - 0.378 

44.063 

2 45.628 - (5.824 x mcfm December 0.497 

3 3.492 + (3.003 x mean October 0.551 

temperatures) - (4.225 x mean 
December temperatmxss) 



le 95% level when included in the regress 
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1 1 U 1 t t ;.h ii V ! Hiis Lliil I! Ld 

dt, s i r 1 i L ^ t u 1 rl K k t f 

haz 1 li J id i jiibi h hue ii'-t \. in hs tin is is i y 
s ti ti^d it V s Kiiiid i\ il stii ^.a c cf ict! C o y u spp. 
and Almis spp. pollen seasons had a significant positive 
relationshit) with teirsperatures in the Deginning of October, 
but there were no significant coixelations Detween stait 
dates and the amount of chilling houre accumulated. r!ii:> is 
illustrated by the tact that there were no chilling nours 
accumulated during the 2001-2002 season by the method 
used, although alternative approaches could have shown 
difter-nt results t Kari^inaiion of temperature dati from 
P rsh I si ! i 1 h i ' )0i s il \ i 1 

O *)b 1 1! i ; > 1 > ! lis t li 1ki 1 I ^tt <in 
to tic CM 1 I tH> s i< s ( o c 0,1 \ds K vj n 
October since instrumenttil records began. 



Regression Independent vanable(s) Estirnaied start date 
mooel ot Corvlus .ipr>. 



Mean montlily October 
temperatures 

Mean monthly December 
temperatures 
Mean montlily October 

and December 
temperatures 



Note tijat oi! average (1996-2005 mean) the Coiyhis spp. pollen 



It was found that the amount of chilling hours accumuhited 
in the autumn was related to the amount of heat required for 
flowering. FrenguelU and Bricclii (1998) also found that 
more cliilling hours accumulated by the plant meant that less 
heat accumulation was needed for polUnation. The authors 
noticed tliat when winters were relatively wann more heat 
was required for the plant to pollinate and vice versa. 

Chilling hours were calculated using the method 
described by Aroti (198 3). a method th.at has been used 
successfiilly in a number of otlier studies on early flowering 
trees (Frengueili and Bricciii 1998; .lato et ai. 2000; 
Rodriguez-Rajo et al. 200,^, 200^). Tlie author urged 
caution when applying the equation to data from different 
sites because tiie mode] was derived using data from 
California only. In this study, the use of this model with 
tiiresboid temperatures lower than 12,5"C or with a end of 
chilhng date later than 30t]i November often resulted in the 
amount of chiiling hours exceeding the total amount of 
hours in the designated period. However, the close 
relationship witnessed between the chiiling hours calculated 
usmg this method and GDD°C acciaied by both Corylus 
spp. and Ainus spp. (Figs. 5 and 6) suggests that this 
method gives a reasonable representation of the amount of 
chilhng accumulated in the autumn at Worcester. 

Previous work has shown that 4.5-C is a threshold above 
v/hicli temi^eraaires are considered to be effective for 
growth (Faust i9«9; t^renguelh et al. i99j). In studies ot 
this kind, authors often determine winch thrcshoid to use 
for calculatmg GDD^C by exaiTiining tiic stanuiira devia- 
tion (SD) and coefficient of variation (L Vs (i-rengiicili and 
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in started on day 18 from 1 .ianuary 



h for Ainus sp(), 

Jiie ^nttv ot tunpetituie dati pi0Ju.^ed o> hie L KCiFJ2 
medium-high emissions scenario into regression models 
constiucted usmg Corylus spp. stait dates and mean montlily 
October and December temperatures (Table .5) helped to 
illustrate the relationship between start dates and winter 
temperatures. The UKCIP02 Chmate Change Scenarios are 
based on data from 1961-1990 (Hulrae et al. 2002). Conse- 
quently, there is a degree of enor in this analysis because 
predicted temperature increases for the 2020s, 2050s and 
2080s were added to the 1995-2004 mean of October and 
December temperatures recorded at Pershore. Tliese models 
were not designed for long-term forecasting, but are used to 
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show the theoretical impact of expected cUmate change on 
the start of Corylus spp, pollen seasons. 



Tlie results indicate that Alms spp. and Corylus spp. pollen 
si.dso( > hi hiri<'i.d isi th \V<.ni.stc' r i o c Eh as 
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temperature. In the UK. there are sufliciently long penods 
m the 3 -9"C rdiigc. which means that aiitiinin aiid vvisitcr 
chiUmg IS probably not as important as heat accumulation 
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